Introduction
Cardiovascular diseases (CVDs) are the main cause of death worldwide. [1] The development of CVD and other related metabolic disorders, are known to be affected by diet and especially by dietary fatty acids. [2, 3] High intakes of saturated fatty acids (SFA) have been widely recognized to have detrimental health effects. [1] Randomized controlled trials have demonstrated that a reduction in SFA intake can lead to a reduction in CVD events. [4] In particular, replacing part of the saturated fatty acids (SFA) in the diet by monounsaturated fatty acids (MUFA) has led to a decrease in inflammation, [5] a reduction in triglycerides, total cholesterol, and low-density lipoprotein (LDL)-cholesterol, [3, 6] and an improvement in insulin sensitivity [7, 8] ; thereby positively affecting cardiovascular health. Furthermore, a higher intake of MUFA, when consumed in the form of olive oil, has been associated with a reduction in risk of all-cause mortality, cardiovascular mortality, and stroke. [9] The Mediterranean (MED) diet is characterized by a high consumption of MUFA mainly derived from olive oil. [10] The consumption of this diet has been associated with a decreased risk of the metabolic syndrome and CVD. [11] Additionally, the consumption of a MED diet has been shown to affect several risk factors of CVD, such as reductions in total cholesterol, LDL cholesterol, triglycerides, blood pressure, endothelial dysfunction, and insulin concentrations, and an increase in serum high-density lipoprotein (HDL) cholesterol concentration. [1, 3, [11] [12] [13] [14] The question remains whether these observed health effects are caused by the MUFA component in this diet only, or whether other components of the MED diet have additional health effects.
Therefore, the objective of this study was to investigate the effects of partly replacing SFA by MUFA from olive oil in a Western type diet and the effects of a MED-type diet equally high in www.advancedsciencenews.com www.mnf-journal.com MUFA on concentrations of circulating lipids, lipoprotein particles, lipoprotein composition, and low-molecular-weight metabolites, including amino acids, in a parallel fully controlled-feeding trial in both men and women at risk of the metabolic syndrome. Since the MED-type diet is characterized not only by a high consumption of MUFA, but also by other potent dietary components such as nuts, legumes, fruits, fish, red wine, and unrefined cereals, [3, [15] [16] [17] [18] we hypothesized that the effect of a MED-type diet on the measured metabolites is more pronounced than the effect of partly replacing SFA by MUFA alone.
Experimental Section

Subjects
In total, 60 men and women participated in this study. The recruitment of subjects, inclusion and exclusion criteria, the study design, composition of the diets, and the primary outcome variable have previously been reported in more detail. [3] In short, subjects ranged in age from 45-to 60-year-olds, and were included if they were at a risk of developing the metabolic syndrome. The latter was defined as having a body mass index of ࣙ25 kg m −2 or a waist circumference of ࣙ80 cm for women and ࣙ94 cm for men. Subjects were excluded if they had fasting total cholesterol ࣙ 8 mmol L −1 , if they used antihypertensive or cholesterollowering medication, or if they had treated or non-treated diabetes. Subjects were tested for non-treated diabetes by an oral glucose-tolerance test. [19] The power calculation was based on the primary outcome of the study, which was detecting a difference of at least 8.5 pmol L −1 in insulin concentration between the intervention groups.
Study Design
The study was a randomized fully controlled parallel dietary intervention trial ( Figure S1 , Supporting Information). All subjects consumed a Western-type diet high in SFA (19% of total energy intake [en-%]) for a 2-week run-in period, thereby standardizing the dietary conditions. After the run-in period, subjects were randomly allocated to one of the three intervention diets, which they had to consume for 8 weeks.
Diets
During these 8 weeks, subjects continued on the Western-type diet high in SFA (SFA diet), received a Western-type diet in which part of the SFA was replaced by MUFA (MUFA diet, 20 en-% MUFA), or received a Mediterranean-type diet with a similar amount of MUFA (MED diet, 21 en-% MUFA) as the MUFA diet. The MED diet was higher in fatty fish, legumes, nuts, unrefined grain products, and red wine, and lower in dairy products and meat, compared with the other two intervention diets. During the study, 90% of the energy needs of the subjects were provided. The remaining 10% of the energy needs was chosen by the subjects from a list of low-fat and low-fiber products. All these choices were recorded in a food diary. Body weight was measured twice a week and the energy intake was adjusted if the subject gained or lost weight. The Medical Ethical Committee of Wageningen University, Netherlands, approved the study, and all subjects gave written informed consent. This trial was registered at clinicaltrials.gov as NCT00405197.
Blood Collection
Overnight fasting venous blood samples were collected at baseline (at the end of the 2-week run-in period), and after the 8-week intervention. All serum samples were kept at −80°C until further analysis within one run.
Serum Metabolite Measurements
The serum samples were processed by Nightingale Health's blood biomarker analysis service to obtain the metabolite profiles. This service employs a high-throughput NMR spectroscopy platform, using a single experimental setup that allows for the simultaneous quantification of 162 metabolic measures that represent a broad molecular signature of the systemic metabolite profile in serum. This platform has been used in multiple large-scale epidemiologic studies, of which an overview can be found in ref. [20] . Details of the methodology have been described previously. [21, 22] This platform quantifies absolute concentration units of routine lipids, total lipid concentrations of 14 lipoprotein subclasses, fatty acid compositions, various glycolysis precursors, ketone bodies, and amino acids. All measured metabolites fall in the range of detection, and numbers on the analytical performance in terms of repeatability (CV%) can be found in the article of Holmes and colleagues. [23] 
Statistical Analysis
The differences in baseline characteristics between the three diet groups were examined by the analysis of variance (ANOVA) testing, or Chi-square testing for categorical data. Statistical analysis of the metabolites were performed on log-transformed data. The main effects of the diet × time interaction with an ANOVA were tested, and linear mixed models were used to assess between-diet effects. For the effect of the diets, diet, time, and the interaction between diet and time as fixed effects, were included. Subjects with a random intercept were included in the model. Significant metabolites were first selected using the false discovery rate (FDR) adjusted F-statistic [24] p-value <0.05. Unadjusted p-values below 0.05 for the between-diet effects were considered statistically significant within the metabolites that passed the F-test. Within-diet effects were tested with a paired t-test; here FDR adjusted p-values below 0.05 were considered statistically significant. Using sparse partial least squares discriminant analysis (sPLS-DA), it was attempted to separate the responses of the metabolites between the three diets. The sPLS-DA model was made using the caret R library. [25] This model was validated using ten times repeated tenfold cross-validation. The final number of components for the sPLS-DA model selected by grid search was 4 for the diet-model. All analyses were done using R (version 3.4.2). [26] Heat maps were made in Excel 2016, and the tree-structure figure was made using Cytoscape (version 3.2.1). [27] 
Results
Subject Characteristics
Of the 60 subjects that entered this study, 57 completed the study. Mean daily intakes of energy and nutrients per diet have been published previously, as well as the baseline characteristics of these 57 subjects. [3] For the metabolite profile analysis we had enough serum left for 47 out of the 57 subjects (flowchart: Figure 1 ). In these subjects, 162 metabolites were determined in serum collected before and after the interventions. Baseline characteristics of the 47 subjects are summarized in Table 1 . The baseline characteristics of the 10 subjects with missing data were not significantly different from the 47 included subjects (data not shown). Ages differed significantly between the three intervention groups (p = 0.006). Age of the subjects in the SFA group was significantly lower compared to the other two diet groups.
Diet Effect on Metabolites
No differences in baseline concentration of the 162 metabolites were observed between the three diets after correcting for multiple testing (data not shown). Fifty-two of the 162 metabolic parameters were significantly changed between the three diet groups during the intervention (FDR p < 0.05) (Table S1 , Supporting Information). Details on the number of significantly changed metabolites between the diets and within each diet group are summarized in Figure 2 .
The main subgroup of metabolites that was affected by the diets were the lipids and lipoproteins. In Figure 3 (and in more detail in Figure S2 , Supporting Information) the effects of consumption of the MUFA and MED diet are visualized. Briefly, the MUFA diet mainly decreased the LDL related fractions and a subset of the cholesterol fractions including serum cholesterol, very-low-density lipoprotein (VLDL)-cholesterol, free cholesterol, and remnant cholesterol. The MED diet decreased exactly the same LDL and cholesterol fractions as the MUFA diet, however the MED diet additionally decreased multiple VLDL related fractions; mainly in the XL-, L-, and M-VLDL subclasses, plus total VLDL-TG concentration, and total triglyceride (TG) concentration.
Changes in apolipoprotein B (ApoB) and the ApoB to ApoA1 ratio were also significantly different between the three diets, FDR p = 0.022 and FDR p = 0.025, respectively (Table S1 , Supporting Information). ApoB decreased significantly in the MUFA diet group (−0.110 ± 0.090 g L −1 , p < 0.001), and the MED diet group (−0.151 ± 0.122 g L −1 , p = 0.003), compared to the SFA diet group. The ApoB to ApoA1 ratio decreased significantly in the MUFA (−0.059 ± 0.46, p < 0.001) and MED diet group (−0.107 ± 0.081, p = 0.003), compared to SFA diet group.
Glycolysis related metabolites, amino acids, proteins, and glycoprotein acetyls were also determined. However, no differences between the diet groups were observed (Table S1 , Supporting Information) except for albumin (FDR p = 0.048), which decreased within the MUFA diet (−0.002 ± 0.003 mmol L −1 , p = 0.014) and the MED diet (−0.002 ± 0.003 mmol L −1 , p = 0.048), compared to the SFA diet group.
Dietary Exposure Markers
Dietary exposure markers were included in the metabolomics measurement in the serum samples (Table S1 , Supporting Information). The following metabolites were significantly differently changed among the three diets: docosahexaenoic acid (DHA), DHA to total fatty acids (FA) ratio, omega-3 fatty acids (FAω3), FAω3 to FA ratio, conjugated linoleic acid (CLA), CLA to FA ratio, and MUFA to FA ratio, all FDR p < 0.001, except MUFA to FA ratio (FRD p = 0.002). Comparisons between the diets showed that DHA, and DHA to FA ratio were significantly increased in the MED diet group versus the SFA group (0.024 ± 0. MED diet group this increase was not significant. FAω3 to FA ratio decreased in the MUFA group (−0.583 ± 0.251%, FDR p < 0.001), but increased in the MED group (0.769 ± 0.632%, FDR p = 0.003) compared to the SFA group. CLA, and CLA to FA ratio decreased upon both the MUFA diet (−0.028 ± 0.013 mmol L −1 , FDR p < 0.001, and −0.222 ± 0.092%, FDR p < 0.001, respectively) and the MED diet (−0.022 ± 0.015 mmol L −1 , FDR p = 0.003, −0.176 ± 0.130%, FDR p = 0.006) versus the SFA diet group. Last, MUFA to FA ratio increased significantly in both the MUFA diet group (3.344 ± 2.124%, FDR p < 0.001), and the MED diet group (2.200 ± 1.509%, FDR p = 0.002).
To examine the differences in effect between the three diets we performed a sparse partial least squares discriminant analysis (sPLS-DA) model. The best fitting sPLS-DA model had four components, a Cohen's kappa of 0.77, an eta of 0.9, and an accuracy of 85.4% to place the right subject in the right diet group. The variables most important for the separation between the three intervention diets were: CLA, CLA/FA, DHA/FA, FAω3/FA, and MUFA/FA; all exposure markers for the diets the subjects consumed. The changes in these five variables upon the three intervention diets are displayed in Figure 4. 
Individual Changes
To visualize the individual changes of the 52 metabolites that were significantly different among the three diets a heat map was created ( Figure 5 ). The figure shows that for the dietary exposure biomarkers, each individual within a diet group is affected in the same direction. Furthermore, the figure shows that the individual changes in the lipoproteins are robust within each lipoprotein subclass; however, variations in response between subjects are present.
Discussion
The present study in healthy men and women at risk of the metabolic syndrome, demonstrates that 8-week consumption of a MED diet resulted in an additional effect on serum metabolites compared to the effect of replacing SFA by MUFA alone. We observed that the MUFA and the MED diet decreased exactly the same LDL lipoprotein and cholesterol fractions. The MED diet additionally decreased several fractions of the larger VLDL lipoprotein subclasses, TG concentration in total VLDL, and total TG concentration. This is the first fully controlled dietary intervention study examining not only the effect of a MUFA diet versus the effect of a MED diet on lipids and lipoprotein subclasses, but also the effect on the composition of the different lipoprotein subclasses. Both the MUFA and MED diets were responsible for decreasing the concentration of the large, medium, and small LDL subclasses. Also, within these LDL-subclasses we observed a decrease in various fractions, amongst which were the total lipids, and the phospholipids. As the MUFA fraction is the same in both diets, and different from the SFA diet, we extrapolate that the MUFA fraction is responsible for these effects on LDL. MUFA has previously been shown to decrease LDL-cholesterol, [3, 28, 29] various LDL-subclass concentrations, and total LDL particle number. [30] We here measured the effect of replacing SFA by MUFA on LDL lipoprotein composition in more detail, and found a reduction in multiple LDL fractions, such as a decrease in the phospholipid and lipid fractions of all three LDL subclasses, and a decrease in free cholesterol in medium and small-LDL subclass.
Apart from the effect of MUFA on LDL, we observed additional effects in the MED diet group. On top of the effects on LDL, the MED diet decreased larger VLDL subclasses, related subclass composition, total TG concentration in VLDL, and total TG concentration. In the PREDIMED trial a reduction in large VLDL lipoproteins and total serum-TG concentration was observed in the group that consumed a MED diet supplemented with nuts, [30] which was similar to the finding in our MED diet group, which also contained nuts. In our study however, we measured the effect of the MED diet on VLDL lipoproteins in more detail, and we found a reduction in multiple VLDL subclasses and fractions. Moreover, all fractions in the large subclass were reduced, as was the lipid fraction in the extra-large, large, and medium VLDL subclass. As the MED-diet induced VLDL reductions were not observed in the MUFA diet, we assume that these effects were not caused by the MUFA component in the diet.
Other components of the MED diet are likely responsible for the observed effects. Consumption of omega-3 polyunsaturated fatty acids has been shown to decrease total TG and TG in VLDL. [31] [32] [33] [34] [35] PUFAs are known to activate peroxisome proliferator-activated receptors (PPARs), which are involved in regulating the expression of genes causing an increase in β-oxidation, and thereby reduce the bioavailability of lipids for production of VLDL in the liver. [32, 36, 37] As n-3 PUFAs are present in fish and nuts, and both were components of our MED diet and not our MUFA diet, this might be a part of the explanation for the observed decrease in several VLDL fractions upon the MED diet. Another explanation could be that clearance of TG rich particles in the circulation is increased in the MED diet group. [37] Except for the triglycerides subfraction in M-HDL, we did not find significant differences between the MED diet compared to the other two diets on HDL related particles. However, we do observe a shift within the MED diet group from the smaller HDL particles to the larger HDL particles. This shift could have been caused by the consumption of alcohol in the MED diet, as alcohol has been associated with an increase in the larger HDL particles. [38, 39] Furthermore, the shift could also have been caused by fatty fish, as a similar shift in HDL particles was observed in the 12-week intervention study by Lankinen [40] in the group with an increased consumption of amongst others, fatty fish. Moreover, Erkkilä et al [41] also observed a shift towards the larger HDL particles after an eight-week intervention study with fatty fish intake four times a week.
Risk for Diseases
Our study showed that both the MUFA and the MED diet decreased the concentration of the smallest LDL subclass, and the cholesterol and cholesterol ester content of this subclass. Especially the small LDL subclass is associated with an increased risk for CVD, [42] [43] [44] indicating a potential favorable role of MUFA consumption on CVD risk. Moreover, the MUFA and MED diet both decreased LDL particle (P) concentration of all the LDL subclasses. A decrease in LDL-P concentration has been associated with a decrease in atherosclerotic risk, and it has been described to be a better predictor of CVD events compared to the conventionally used LDL-cholesterol concentrations. [43] In addition, both the MUFA and MED diet significantly decreased ApoB concentration, and the ApoB/ApoA1 ratio. An increased ApoB/ApoA1 ratio is a well-known predictor for e.g. acute myocardial infarction, and acute coronary events. [45, 46] In summary, the lowering of small LDL concentration, LDL particle number, and the increase in the ApoB/ApoA1 ratio by both the MUFA and MED diet point toward a potential beneficial effect of a high MUFA intake on risk for cardiovascular health.
Only the MED diet decreased total VLDL-TG concentration and serum TG concentration. An increased fasting serum TG concentration has been associated with coronary artery disease, increased mortality risk in coronary heart disease (CHD) patients, and an increased risk for developing both CHD and ischemic heart disease. [47] [48] [49] [50] Next to this, higher VLDL lipoprotein concentrations have been associated with ischemic heart disease risk, [51] [52] [53] [54] and higher levels of VLDL-TG have been observed in type 2 diabetes mellitus patients. [55] Thus, the effects of the MED diet, for example, the lowering of total VLDL-TG, and serum TG concentration, may indicate a potential additional beneficial effect on cardiovascular risk on top of the effect of the MUFA content. Furthermore, we observed that the concentrations of XL-, L-, and M-VLDL particles, and triglycerides in XL-and L-VLDL particles were all decreased by the MED diet. These metabolites have been cross-sectionally and prospectively associated with the development of fatty liver. [56, 57] This again indicates an additional favorable effect of the MED diet.
Exposure Markers
The consistent changes observed in the metabolites: DHA, DHA to FA ratio, FAω3 to FA ratio, MUFA to FA ratio, CLA, and CLA to FA ratio in the serum samples, confirm that these markers are suitable markers to measure dietary exposure. Indicating that www.advancedsciencenews.com www.mnf-journal.com they can possibly be used to assess whether an individual had a high consumption of olive oil (reflected by MUFA to FA ratio), fish (reflected by DHA, DHA to FA ratio, and FAω3 to FA ratio), or butter (reflected by CLA, and CLA to FA ratio). Remarkably, we observed interpersonal differences in the diet-induced effect on other markers. In all three diet groups four to five individuals reacted differently compared to the rest of that diet group. As we found no differences at baseline between any of these measured serum metabolites, this points toward variation in response to the diets. It will be valuable to assess the consistency in such a response to diets, especially with respect to personalized dietary advice in the future. [58] 
Limitations and Strengths
Even though our sample size was relatively small with 47 subjects, our dietary intervention had a profound effect on various metabolites as 32% of all metabolites were affected by the diets after applying an FDR correction. We hypothesize that this can mainly be explained by the high level of dietary control in this study. In the present study, 90% of the energy needs was provided, and the remaining 10% was chosen by the subjects from a list of low-fat and low-fiber products. Other dietary intervention studies with a similar number of subjects [33, 41] provided only part of the intended diet, or only gave dietary advice, [30, 40, 59, 60] and therefore possibly found smaller effects. Even though body weight was closely monitored, the subjects in the SFA group and the MED group did lose some weight. However, no difference was found in weight loss between the SFA, MUFA, or MED diet group. Last, our study had a duration of 10 weeks in total (including the run-in period). To determine the long-term effects of adhering to a diet high in MUFA or a MED diet on changes in lipids, lipoprotein particles, and CVD risk, more long-term studies are needed.
Summary and Conclusion
In summary, this 8-week fully controlled dietary intervention study showed that MUFA in the diet decreased LDL particle concentration in all three subclasses and several related fractions, including a decrease in the small LDL concentration. MUFA were also responsible for an increase in the ApoB/ApoA1 ratio. These are all favorable effects on risk factors for CVD. The MED diet additionally decreased total VLDL-TG, total serum-TG concentration, and particle concentration of three larger VLDL subclasses together with several related fractions, including triglycerides in the XL-and L-VLDL particles. Thus, additional favorable effects on other risk factors for CVD.
In conclusion, we were able to disentangle the effect of the MUFA content in the MED diet from the effect of the other components in the MED diet. Our study clearly demonstrates that the MUFA component is responsible for reducing several LDL subclasses and fractions, and therefore causes a more antiatherogenic lipid profile. Interestingly, consumption of the other components in the MED diet show additional health effects, by reducing several other risk factors for CVD.
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